Abstract: Phosphorus removal from wastewater is important for eutrophication control of water bodies. Metal oxides and metal hydroxides have always been developed and investigated for phosphorus removal, because of their abundance, low cost, environmental friendliness, and chemically stability. This paper presents a comparative review of the literature on the preparation methods, adsorption behaviors, adsorption mechanisms, and the regeneration of metal (hydr)oxides (e.g., Fe, Zn, Al, etc.) with regard to phosphate removal. The contrasting results showed that metal hydroxides could offer an effective and economic alternative to metal oxides, because of their cost-benefit synthesis methods, higher adsorption capacities, and shorter adsorption equilibrium times. However, the specific surface area of metal oxides is larger than that of metal hydroxides because of the calcination process. Metal oxides with a higher pH at the zero point of charge have wider optimal adsorption pH ranges than metal hydroxides because of their surface precipitation in alkaline solutions. The regeneration of metal oxides using acids, bases, and salts and that of metal hydroxides using acids and bases has been critically examined. Further research on uniform metal (hydr)oxides with small particle size, high stabilities, low cost, and that are easily regenerated with promising desorbents are proposed. In addition, quantitative mechanism study and application in continuous-mode column trials are also suggested. 
Introduction
Phosphate (PO 4 ) is often the limiting factor for primary production by phytoplankton in lakes, and excess PO 4 can result in eutrophication. Phosphorus (P) in wastewater must be removed or reduced and subsequently (or simultaneously) recovered to avoid eutrophication (Bhargava and Sheldrakar 1992) . Metal oxides and metal hydroxides (including industrial by-products and natural mineral compounds containing these materials) are attractive candidates as sorbents for P removal and recovery (Rittmann et al. 2011) , because metal (hydr)oxides are not only nontoxic and inexpensive, but also environmentally friendly and chemically stable (Chu et al. 2009; Liao et al. 2005) .
In previous studies, Yang Xiaofang et al. (2007) studied the adsorption of phosphate on pseudo-␥-AlOOH and ␣-Al 2 O 3 and showed that pseudo-boehmite had a larger specific surface area, that ␣-Al 2 O 3 was more acidic than pseudo-boehmite, and that pseudoboehmite exhibited greater adsorption capacity than ␣-Al 2 O 3 at pH 4 and 6. Moreover, in our previous study, the adsorption capacity of lanthanum hydroxide-doped activated carbon fiber (16.1 mg/g) was found to be significantly higher than that of lanthanum oxide-doped activated carbon fiber (9.5 mg/g) under the same adsorption conditions . These results showed that the performances of metal oxides and metal hydroxides for phosphate adsorption differ greatly. These differences were also reported by many other researchers in terms of the phosphate adsorption capacities, which range from 11.4 to 111.1 mg P/g for various iron-based sorbents (Acelas et al. 2015; Mezenner and Bensmaili 2009; Yuan et al. 2014; .
The removal efficiency depends widely on the chemical and physical characteristics (i.e., particle sizes, surface functional groups, specific surface area, metal content, and stability) of the sorbents and the environmental conditions, such as pH, ion strength, competitive ions, dosage, initial phosphate concentrations, and temperature present in solution. Thus, this efficiency may depend on the different adsorption mechanisms of metal oxides and metal hydroxides. Although there are several reviews on phosphate adsorption from water and wastewater (Ramasahayam et al. 2014; Rittmann et al. 2011; Xu et al. 2012 ), the possible differences (i.e., preparation methods, adsorption performances, and adsorption mechanisms) between metal hydroxides and metal oxides remain unclear. To the best of our knowledge, no comparative review has been published about the adsorption of phosphate from water and wastewater using metal oxides and metal hydroxides.
This review focuses on the comparison of metal oxides and metal hydroxides for P removal, mostly in batch experimental systems using synthetic water. A summary of relevant published data (in terms of synthesis methods, adsorption isotherm and kinetics, competitive anions, and pH) with some of the latest important findings is presented and the results have been compared. The adsorption mechanisms of metal (hydr)oxides and sorbent regeneration are also compared. Furthermore, future prospects of metal (hydr)oxides and their potential applications are discussed.
Synthesis methods of metal (hydr)oxides
Sorbents for phosphate exist in many forms in nature. Metal oxides and metal hydroxides are the most common forms. Their ease of synthesis and modification and the ability to control or manipulate matter using surface chemistry could provide unparalleled versatility. It has been reported that preparation methods play a key role in determining the size distribution, morphology, specific surface area, stability, and surface chemistry of materials. The list and comparison of synthesis methods are shown in Table 1 .
Synthesis methods of metal hydroxides

Sol-gel method
Sol-gel is a solution chemistry-based technique to synthesize pure, stoichiometric, and monodispersed nanoparticles (Coreno et al. 2003 ). This technique is based on the hydrolysis of liquid precursors and the formation of colloidal sols. Metal precursors, metals, or metalloid elements surrounded by various reactive ligands are the starting materials, and these undergo slow hydrolysis and polycondensation reactions to form a colloidal system called a sol. The sol evolves and leads to the formation of a network containing a liquid phase, called a gel (Zhang et al. 2004 ). This method can be performed at low temperatures and is suitable for the largescale production of nanoparticles with a relatively narrow size distribution (Qin 2007) . Although this method may be a timeconsuming process, it has been found to be effective for dispersing small metal hydroxide particles ).
Precipitation method
The precipitation method is an easy and convenient way to synthesize metal hydroxides from drying aqueous salt solutions with the addition of a base. The control of the preparation process is difficult, and the prepared particles easily aggregate. However, through this method, a variety of metal hydroxides with both crystalline and amorphous nature could been synthesized (Chitrakar et al. 2006a; Guo et al. 2011; Xie et al. 2014; Zhu et al. 2009 ). Both X-ray diffraction analysis and scanning electron microscopy have demonstrated that the materials have porous structures and irregular and rough surfaces. Small-scale materials with a homogeneous chemical composition can be obtained through a variety of chemical reactions in solution (Liao et al. 2006 ). Deng and Yu. 2012; Guo et al. 2011; Liao et al. 2006; Xie et al. 2014; Huang et al. 2009; Yan et al. 2010 Post-grafting and metal cation incorporation process
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Post-grafting and metal cation incorporation method
Generally, it is possible to reinforce the chemical stability of the sorbents by crosslinking treatments or grafting reactions. Therefore, a number of researchers reported the synthesis methods for metal hydroxides using a post-grafting and metal cation incorporation process. Several types of functionalized materials were used by grafting chelating ligands on the surface of mesoporous materials. The chelating functional groups can be bound tightly to metals, which can remove anions from water (Puanngam and Unob 2008; Yoshitake et al. 2003) . Different organic functional groups (i.e., amine, thiol, carboxylic, aromatic, etc.) have been covalently bonded to the structures of mesoporous materials via a post-synthesis grafting or co-condensation method. Materials like silica gel, chitosan, and biomass, with different functional groups, have been used as a polymer support for the preparation of sorbent material having functional groups (Manju and Anirudhan 2000) . To provide metal adsorption sites, metal salt solutions were stirred with functionalized materials, followed by washing using deionized water and 2-propanol. The substrate can be pretreated by an aqueous solution of an anionic polymer, such as carboxymethyl cellulose. This method could bring about benefits for increasing phosphate adsorption capacity (Chouyyok et al. 2010; Huang et al. 2013) . Unfortunately, most improvements in the phosphate adsorption capacity were accompanied by increasing costs and waste stream production.
Ion exchange method
The ion exchange method is usually used when porous sorbents have the function of cation exchange (Haghseresht et al. 2009 ). Ion exchange occurs between soluble ions, such as K + , Na + , Ca 2+ , and NH 4 + , and metal ions, such as La 3+ in La(NO 3 ) 3 • 6H 2 O (Shin et al. 2005) or with the positively charged metal sol particles directly. The particle size could be controlled by selecting the pore size of the carriers to obtain high activity. However, apertures may not match well with metal ions or the positively charged metal sol particles. Moreover, some functional components incorporated in the porous medium may release from the sorbent into aqueous solution.
Synthesis methods of metal oxides
Metal hydroxides-drying or calcination
Metal oxides can be obtained after calcination or drying (>100°C) of metal hydroxides (Lv et al. 2013 ). This method is performed by heat-treating the metal hydroxides in the atmosphere. Activation in the process is needed to enhance the porosity and clean out the pores. Thus, a better porous structure can be obtained using this method.
Chemical method
The chemical method has also been used to synthesize metal oxides (Yang et al. 2011) . In this method, metal salts are mixed with mesoporous or low-cost materials. In some cases, soluble starch is also mixed into the water to create additional pores after the green granules are fired at high temperature . The sorbents are prepared successfully after drying the loaded carriers under normal atmospheric temperatures or 100°C and then calcining at 300-600°C (H. . Although research has shown that particles tend to aggregate, it has also shown that the chemical method can enhance the adsorption potential through a simple and low cost process Nguyen et al. 2014; Shin et al. 2004 ) and does not require high sintering temperatures.
Hydrothermal method
The hydrothermal method has also been reported in the literature. In this technique, reactions are performed in an aqueous medium in reactors or autoclaves at high vapor pressures and high temperatures. This process needs special devices and is a time-consuming process that results in a low yield. However, it has also been utilized to grow dislocation-free single-crystal particles, and grains formed through this process may have superior crystallinity to those grown using other methods. Therefore, one can obtain highly crystalline, pure, and well-dispersed nanoparticles using the hydrothermal technique (Wu et al. 2008 ).
Natural oxides
Most natural oxides are composed of clay (e.g., Sepiolite, Kanuma clay), solid waste (e.g., sludge), and byproducts of the mining industry (e.g., red mud), the steel industry (e.g., slag materials), or the power plant industry (e.g., fly ash and bottom ash). In general they are composed mainly of oxides of Si, Al, Fe, Ca, Mg, and Ti in different proportions.
These natural oxides are usually first dried, then crushed and sieved (<5 mm in diameter) because phosphate adsorption occurs mostly in fine particles in batch experiments (Asaoka and Yamamoto 2010; Yue et al. 2010) . Moreover, the sorbents could also be activated by chemical (acid or alkaline treatment), thermal, or chemical or thermal pretreatment Ye et al. 2006 ) to improve the sorption capacity. Pretreatment could be performed to change sorbent surface charges and remove undesired organic compounds or competing ions from the sorbents and hence improve adsorption capacity and efficiency (Li et al. 2006; Xue et al. 2009 ). However, in some cases, pretreatment gives adverse effects (Cheung and Venkitachalam 2000) . Prior characterization studies on the biosorbent may help in selecting a suitable pretreatment option.
Adsorption in fixed-bed columns has shown relatively higher phosphate uptake as compared with other adsorption procedures . Column flow-through adsorption tests are conducted with synthetic phosphate solutions mostly using natural oxides (Liesch 2010; Huang et al. 2009 ). This means that the sieved natural particles are small and thus the infiltration action through the packed column is well built (Zeng et al. 2004) . Various metal contents in natural oxides contribute more to the phosphate adsorption capacity. Thus it will be a good choice to use natural oxides in column experiments.
Optimal synthesis methods
To date, most reports have focused on the synthesis of smallsized metal (hydr)oxides. Small-scale metal (hydr)oxides from micrometre to nanometre size are mostly reported. Studies have shown that sorbents with small sizes could enhance activity and mechanical properties and significantly increase specific surface area. In addition, aggregation causes a loss of contact area for the adsorbate, which results in low adsorption capacities. Thus, solgel and hydrothermal methods for metal sorbents are ideal choices for fabricating well-dispersed sorbents in the nanometre range. The time-consuming process, special devices needed, and low yield associated with this technique could be overcome by updating devices and expanding dosages.
Comparison of the properties of the sorbents prepared through different synthesis methods
It is obvious that metal hydroxides and metal oxides have common properties when synthesized using the previously mentioned synthesis methods. Metal (hydr)oxides with various morphologies, including crystallinity, porosity, roughness, and amorphous structure, are more active in removing phosphate. However, in contrast to the methods used to prepare metal oxides, the preparation process of metal hydroxides does not require calcination. With respect to energy consumption for calcination, the preparation methods of metal hydroxide appear to be cost-beneficial.
As shown in Table 1 , the specific surface areas of metal oxides are greater than those of metal hydroxides. The application of calcination could not only accelerate the thermal degradation of the metal oxides, lead to the development of pores, and increase the surface area, but also lead to a subsequent loss of mass. More time is required to eliminate all of the moisture and most of the volatile components in the precursor, resulting in the development of pores. As previous studies have shown, the extent of adsorption may depend on the specific surface area; therefore, it is reasonable to conclude that the adsorption is, to some extent, a surface phenomenon driven by van der Waals forces. However, the adsorption of P could also be occurring through chemical bonds at active sites formed on the sorbent surface at the time of activation. Table 2 shows that the metal content of metal hydroxides is higher than that of metal oxides. Metal content on the sorbent surface could form surface active sites (e.g., metal-OH) for phosphate adsorption (Özacar 2006; Deng and Yu 2012) . The presence of more OH groups on the sorbents creates more possibility of phosphate-OH ion exchange, indicating a higher phosphate adsorption capacity. Thus higher metal content could provide more active sites for phosphate adsorption, which may result from the effectiveness of the synthesis methods of metal hydroxides. So both metal content and surface area should be considered in the preparation of efficient sorbents to achieve high adsorption capacity.
Among La, Fe, Zn, and Al elements, La and Fe were found to be detached vigorously during their performance B. Li et al. 2009 ). In contrast, the results also show a minimal amount of released metal ions from the sorbents; however, it is difficult to judge whether the stability of the metal oxides is better than that of the metal hydroxides because only a few studies have shown the stability of the sorbents (Table 2) . Commonly, the stability of sorbents also has an effect on the adsorption capacity and is influenced by electrostatic and van der Waals interactions (Chen et al. 2007) . Work is still needed to understand the mechanisms underlying the enhancement of the stability of metal sorbents by reducing their surface energy, but this limits their large-scale application. The stability of metal sorbents could be greatly augmented by surface modifications with suitable functional groups, such as aromatic, carboxylic acid, and amine groups. It should be noted that the application of metal sorbents is strongly related to the intrinsic properties of the metal sorbents, which highly depend on the synthesis methods and modification mediums.
Adsorption behaviors of metal (hydr)oxides
A large number of studies have been carried out on metal (hydr)oxides for potential use in batch systems using synthetic waters. The batch mode of adsorption is static and conducted in a closed system and therefore the data obtained are generally not applicable to most real systems. However, the method is simple and quick information can be obtained on the effects of many solution variables on adsorption and can examine the mechanism of adsorption and compare the adsorption capacity of various sorbents.
Adsorption isotherm
The adsorption isotherm is significant for the explanation of how the sorbent will interact with the adsorbate and helps elucidate the adsorption capacity. Isotherms play an important role in understanding the adsorption mechanisms of metal sorbents (e.g., Fe, Zn, Al, etc.). Table 3 shows the various isotherm results of P adsorption by metal sorbents. The common adsorption isotherms employed in the literature follow the order Langmuir > Freundlich > multiLangmuir ≈ Langmuir-Freundlich.
In practice, the two-parameter equations (Freundlich and Langmuir) are more widely used than the three-parameter equations (multi-Langmuir and Langmuir-Freundlich) because of the inconvenience of evaluating three isotherm parameters. However, a three-parameter equation, which is reported in a few papers, can often provide a better fit and is more representative of the isotherm data than a two-parameter equation (Zeng et al. 2004 ). Much work is still needed to examine multi-parameter equations for phosphate adsorption. The Langmuir adsorption isotherm model assumes that adsorption takes place at specific homogeneous sites within the sorbent and has been used successfully for many monolayer adsorption processes. The Freundlich adsorption isotherm model considers a heterogeneous adsorption surface that has unequal available sites with different energies of adsorption. Freundlich does not predict saturation of the sorbent surface, whereas the Langmuir isotherm has been used to study the surface monolayer saturation, which is beneficial for comparing the maximum capacities of an adsorbate.
However, the theory behind the isotherm equation is based on the adsorption of gases to uniform surfaces, and in the strict sense it can only be used to describe adsorption processes. Ca, Al, and Mg being present in metal oxides also promotes precipitation reactions simultaneously with the adsorption processes at pH > 7-8. Veith and Sposito (1977) showed that the Langmuir equation can describe precipitation and secondary precipitation reactions when studying well-defined and isolated reactions. But when more complex reactions occur, the Langmuir equation seldom applies (Barrow 1978) . Based on the guidelines of Del Bubba et al. (2003) and Arias et al. (2001) for comparison of sorbents, P adsorption isotherms should be carried out using short-term isotherm experiments, using distilled water (to minimize precipitation reactions) and pH values as far apart as the alkaline range.
Because standard procedures for batch adsorption experiments do not exist, a direct comparison of adsorption capacity is difficult because of the different applied experimental conditions (Cucarella and Renman 2009) . To illustrate the potential of the use of metal sorbents for the removal of P, a comparative evaluation of the adsorption capacities of metal sorbents under similar experimental conditions is provided (Table 4) . Among metal (hydr)oxides, hybrid sorbents (bi-or multi-metal sorbents) exhibit improved adsorption capacities. Some sorbents, such as Fe-Mn binary oxide ), lanthanum hydroxide , iron(III)-loaded carboxylated polyacrylamide-grafted sawdust (Unnithan et al. 2002) , and hydrated metal oxides dispersed within anionic exchange media (Acelas et al. 2015) , have a relatively high capacity for phosphate. So it is better for additional studies to develop hybrid sorbents that are cost-effective and efficient for practical applications. Meanwhile, under similar experimental conditions, the phosphate adsorption capacity of metal hydroxides is slightly greater than that of metal oxides, which is also in accordance with the results reported by .
Enhanced phosphate removal by metal hydroxides may be attributed to the presence of more hydroxyl groups on the surface (Chouyyok et al. 2010) , lanthanum hydroxide , cerium-fibrous protein (Deng and Yu 2012) , waste alum sludge (Babatunde and Zhao 2010) , Zr(IV)-chitosan (Sowmya and Meenakshi 2014) of metal hydroxides, which provide more adsorption sites compared with those found on the surfaces of metal oxides. The calcination process may influence weak phosphate adsorption on the surface of metal oxides during sorbent synthesis. Some organics and hydroxyl groups, which are the effective sites for phosphate adsorption, could be decomposed after high temperature treatment (Wang et al. 2005 ). In addition, heat treatment may also cause the sintering of particles, resulting in a loss of contact area for the adsorbate and thereby a low adsorption capacity.
Adsorption kinetics
The study of adsorption kinetics illustrates how the solute uptake rate controls the residence time of the adsorbate at the solution interface. A rapid adsorption rate is as important as a high adsorption capacity in achieving a satisfactory adsorption performance.
To investigate the potential rate-controlling step and to obtain more useful information regarding the P adsorption process of the sorbents, kinetic data were fitted into the pseudo-first-order , pseudo-second-order (Mezenner and Bensmaili 2009) , Elovich, and intra-particle diffusion models ) for metal sorbents (e.g., Fe, Zn, Al, etc.) by different researchers (Table 5) . Summarizing from the literature, it is obvious that pseudo-first-order kinetics or pseudo-second-order kinetics are the most widely used in metal (hydr)oxides adsorption models. However, the kinetic adsorption data are usually better represented by a pseudo-second-order model for metal (hydr)oxides adsorption systems.
Fitting the kinetic data can be performed using the intraparticle diffusion model, which indicates that the phosphate adsorption process of the sorbents undergoes three successive steps: (i) mass transfer (boundary-layer diffusion), (ii) adsorption of ions onto sites, and (iii) intraparticle diffusion (Jiang et al. 2013; Moharami and Jalali 2014) . In many cases, there is a possibility that intraparticle diffusion will be the rate-limiting step, which is normally determined using the intra-particle diffusion model. However, the kinetic data could not be satisfactorily described only by the intra-particle diffusion model because of the minor contribution of the diffusion process to the whole kinetic process. Pseudo-firstorder kinetics implies that one adsorbate (PO 4 3− ) may be adsorbed onto one surface site of sorbents. The applicability of the pseudosecond-order adsorption kinetic rate model indicates that chemisorption may be the rate-limiting step that controls these adsorption processes. However, a few studies have used the Elovich model to describe the adsorption of P from aqueous solutions (Zeng et al. 2004; Zhu et al. 2009 ). These findings may conclude that the high applicability of the Elovich model is in agreement with the fact that the Elovich equation is able to properly describe the kinetics of phosphate adsorption on highly energetic heterogeneous systems (Chien and Clayton 1980; Sparks 1989) .
The calculated kinetics favourable for phosphate adsorption by metal hydroxides are presented in Table 4 . It has been shown that metal hydroxides adsorbed PO 4 3− within 0.02-20 h, which is a more rapid process than that of metal oxides (0.25-32 h). The contact time could be long enough to reach equilibrium, which is at least 24 h. The high rate of P uptake for metal hydroxides is probably due to the availability of a large amount of binding sites on the surface of the metal hydroxides.
Effect of competitive anions
Environmental phosphate is always accompanied by other inorganic anions in contaminated water. When a mixture of inor- (Namasivayam and Prathap 2005) , hydroxyl aluminum-and hydroxyl iron-montmorillonite complexes ganic anions is present in an aqueous solution, phosphate adsorption may then be affected by their competition for the same sites on the metal sorbents. Researchers have concluded that several inorganic anions in a solution would compete against each other for the available sites. Those with the greatest ionic potential would be removed first, and if the sites were still undersaturated, then those with lower ionic potentials would be removed in sequence. The molecules with more electronegativity are attracted to the surface more strongly. It can be concluded from the literature that anions of higher valence have a more significant interfering effect than the monovalent anions in phosphate adsorption on metal (hydr)oxides (SO 4 2− , CO 3 2− > F − , Cl − , NO 3 − ). Among the divalent anions, CO 3 2− and SO 4 2− appear to be the most competitive anions for retarding the adsorption of phosphate by metal (hydr)oxides. The decrease in the adsorption capacity may be explained from the basis of the ion-exchange mechanism, in which divalent anions possess the highest affinity for the sorbent material and compete most effectively with phosphate adsorption.
Although the presence of an anion in a solution generally creates competition for the adsorption sites, the total adsorption capacity of some metal oxides has been found to increase. In typical systems, it is well known that certain additives, such as salts (NaNO 3 , NaCl, and KNO 3 ), can accelerate the phosphate adsorption processes (Lü et al. 2013; Zhang et al. 2009 ). It could be inferred that anionic Cl − may participate in the adsorption process of phosphate ions (Chubar et al. 2005) . The formation of an intermediate complex of anionic and metal oxides may reduce the energy of the chelating reaction between H 2 PO 4 − and metal oxides. Natural organic matter, which is mainly negatively charged organ acid, such as humic acid and fulvic acid, binds very strongly to mineral surfaces. Several experimental studies have been carried out on the big effects of organic matter on phosphate adsorption to minerals (Antelo et al. 2007; Borggaard et al. 2005; De Vicente et al. 2008) . Adsorption of organic matter compounds may increase the negative charge on the sorbents surface, or decrease the point of zero charge, thus making it more difficult for P sorption to occur (Erich et al. 2002; Tejedor-Tejedor et al. 1992) . In contrast, organic matter (e.g., sodium acetic solution) can also decrease final solution pH, which is beneficial to phosphate adsorption (Long et al. 2011 ). Meanwhile, it was reported that competitive removal of phosphate in the presence of organic matter was obtained. It is expected that organic matter possesses affinity for the active sites and competes effectively with phosphate for the sites (Geelhoed et al. 1998 ). However, fundamental research on the interactions between inorganic phosphorus and negatively charged organic matters at metal (hydr)oxide surfaces is, until now, not advanced enough to allow for an understanding of this effect. Thus, the effect of organic matter on the adsorption of phosphate on metal (hydr)oxides needs to be further investigated.
Effect of solution pH on phosphate adsorption
The pH of the phosphate solution plays an important role in the whole adsorption process and particularly on the adsorption capacity. It influences not only the surface charge of the sorbent and the stability of functional groups on the active sites of the sorbent, but also the solution phosphate chemistry.
Thermodynamic calculations have revealed that phosphate in aqueous solution exists as H 2 PO 4 − , HPO 4 2− , and PO 4 3− at different ratios, depending on the solution pH, with pK 1 = 2.15, pK 2 = 7.20, and pK 3 = 12.33, respectively. The adsorption ability of the surface and the type of active centres on the surface are indicated by a significant factor called the point of zero charge (pHpzc). In the range of pH 2-12, when pH > pHpzc, the phosphate adsorption may be affected by the electrostatic repulsion and increasing competitive effect of OH − ions for the active sites on the sorbent. When pH < pHpzc, the sorbent surface is positively charged, favoring adsorption of the anions.
Changes in the pH values at approximately 2-12 in the adsorption process as a function of the degree of phosphate adsorption to metal sorbents have been shown in many studies. In general, phosphate adsorption capacity on metal (hydr)oxides tends to decrease with increasing pH at pH 2-12. Table 6 shows that metal oxides and metal hydroxides have pHpzc values 3.2-11.0 and 2.3-9.5, respectively. The capacity of phosphorus adsorption is greater at pH < pHpzc than that at pH > pHpzc. Thus metal oxides can get greater adsorption capacity at pH < 3.2-11.0. Meanwhile, metal hydroxides can get greater adsorption capacity at pH < 2.3-9. The phenomenon is discovered for the pH influence on P adsorption: adsorption was maximized nearly at pH 2-10 for metal oxides and pH 2-7 for metal hydroxides, with low adsorption out of optimum pH range. As already noted, a high pH will hinder P adsorption but favor precipitation of Ca phosphates. The wider optimal pH range for metal oxides may contribute to the surface precipitation mechanism that occurs in alkaline solution. Moreover, some of metal oxides have higher pHpzc values than those of metal hydroxides, which also can widen the optimal pH range. Wider optimum pH ranges for metal oxides offer more opportunities to facilitate the adsorption-regeneration application of metal oxides. However, at very low pH values (pH Ͻ Ͻ pHpzc or pH ≤ 2) and very high pH values (pH Ͼ Ͼ pHpzc or pH ≥ 12), the stability of the metal (hydr)oxide structures is impaired, which decreases the phosphate adsorption. Tokunaga demonstrated that La is soluble in a dilute aqueous acidic solution, which is identical to the behavior of La(OH)CO 3 when it is exposed to low pH conditions (Tokunaga et al. 1997) . Additionally, Chen reported that La(OH) 3 precipitates in alkaline solution ).
Other parameters used for batch experiments
There are many other operating parameters affecting phosphate adsorption in batch experiments, such as dosage, initial phosphate concentration, pH, and temperature. Thus, the effects of these parameters are to be taken into account. Optimization of such conditions will greatly help in the development of industrialscale phosphate removal treatment process.
Generally, the increase in initial phosphate concentration will cause an increase in the capacity of the adsorbent. The phosphate solutions could be obtained by dissolving potassium dihydrogen phosphate (KH 2 PO 4 ) in deionized water and be adjusted with NaOH and HCl solutions to give initial pH 7, which is consistent with actual wastewater. Adsorption generally increases with increasing temperature and room temperature (20-25°C) is usually used. There is a tendency for higher P adsorption with lower dosage. Thus P adsorption should be carried out at 1 g/L adsorbent dosage, 20-25°C, using P concentrations up to 100 mg P/L at pH 7.
Adsorption mechanisms of metal (hydr)oxides
Possible adsorption mechanisms
A mechanistic study of phosphate adsorption is of paramount importance for the understanding the adsorbate-sorbent interaction; it can lead to optimization of the adsorption process and the subsequent desorption and regeneration process. Mechanistic studies of phosphate adsorption by metal (hydr)oxides have been carried out with either the assistance of state-of-the-art analytical equipment or the postulation from comprehensive experimental observations on adsorption characteristics. Recently, it has been now recognized that chemisorption (ion-exchange and electrostatic attraction) is the most prevalent mechanism and that the pH is a main factor affecting adsorption. Surface precipitation and Lewis acid-base interactions are also proposed by a few recent studies.
Electrostatic force
The electrostatic forces between metal sorbents and phosphate ions are dependent on the pH. The pH-dependent adsorption indicates that the adsorption is dominated by surface complexation (outer sphere complex) (Yu et al. 2008) . The electrostatic processes are illustrated in Fig. 1 at pH 2-12. When pH < pHpzc, the increased H + in solution will react with the surface hydroxyl groups to form some protonated hydroxyl groups. The electrostatic attraction between a protonated hydroxyl group and phosphate will be favourable for adsorption (Su et al. 2015) . At the same time, electrostatic attraction can readily occur in conjunction with a specific chemical adsorption due to an exchange reaction occurring at a lower pH range. When pH > pHpzc, the surface of the sorbents is enriched with increasingly negative charges, which leads to the formation of deprotonated hydroxyl groups. As a result, the electrostatic repulsion between them and the phosphate increases with increasing pH (Lalley et al. 2016) . Moreover, competition between hydroxide ions and phosphate ions for the adsorption sites also occurs, which is not beneficial for the subsequent ion-exchange processes.
Ion exchange
The presence of OH groups in metal (hydr)oxides (e.g., Fe, Zn, Al, etc.) creates the possibility of phosphate-OH ion exchange, indicating a ligand exchange reaction. This may occur through inner sphere complexation, where when PO 4 3− anions create covalent chemical bonds with metallic cations on the surface of the metal (hydr)oxides leading to the liberation of other anions that were formerly attached to the metallic ions. But if boehmite (␥-AlOOH) is well crystallized, it does not develop a high overall surface charge and has limited reactivity because the face remains uncharged and also does not adsorb ions like phosphate via ion exchange reactions.
Based on the effect of pH and desorption results, ion exchange mechanism could be animportant pathway for the removal of phosphorus. It is promising for P recovery as it is generally a reversible process and has high efficiency with high selectivity for the anions. (Kuzawa et al. 2006; Blaney et al. 2007 ).
The phosphate adsorption process, which coincides strongly with the ion exchange mechanism, is presented in Fig. 1 at pH ≤ pHpzc. Zhou et al. (2012) reported this mechanism for removing phosphorus using a hydrated ferric oxide-doped activated carbon fiber. At pH values greater than 2, the ion exchange took place between H 2 PO 4 − , HPO 4 2− ions and the surface OH − groups to form complexation as follows:
At pH ≤ pHpzc or initial adsorption range (H 2 PO 4 or HPO 4 solution), phosphate sorption onto sorbents is primarily the result of an ion exchange between phosphate and hydroxide groups on the surface of the sorbent . But ion exchange increased solution pH because of the exchanged hydroxide groups. Thus, it will be better to adjust solution pH to the initial range. Meanwhile, chemical modification can increase the number of active binding sites in the material, improve the ion exchange properties and form new functional groups that favor phosphate uptake. In the preparation procedure, metal content will increase and also surface hydroxide groups after combination of the existing preparation methods. So metal hydroxides may be chosen for the adsorption procedure because of their high metal content.
Lewis acid-base interaction
At lower pH values, because of the presence of excess hydrogen ions in solution, metal active sites are protonated and become a weak acid (Lewis acid), acting as electron acceptors. Phosphate anions become a weak base (Lewis base), acting as electron donors. At alkaline pH, the metal active sites are deprotonated and negatively charged along with phosphate species. Therefore, the metal active sites become a weak base (Lewis base), and phosphate anions become a weak acid (Lewis acid). This implies electron donor-acceptor and Lewis acid-base interactions exist between the metal active sites and phosphate anions (Fig. 1) . Moreover, in the Lewis acid-base interaction mechanism, it is likely that the metal active site reacts with oxygen anions in the phosphate to form M-O coordination bonds. When a phosphate molecule approaches the metallic center, the cluster surface releases one H 2 O group, and through acid-basic Lewis interaction, it is possible to form a monodentate complex. This monodentate complex may continue to attack the unreacted adjacent -H 2 O/-OH species and form a bidentate complex (Acelas et al. 2015) .
Surface precipitation
When the concentration of components of the precipitate surpasses the solubility product of the precipitate, precipitation of phosphorus with metal ions may take place (Sparks 2001 ). This mechanism is described as fast and hardly reversible adsorption (Loganathan et al. 2014 ). In such cases, a finite volume exists adjacent to the mineral surface that is oversaturated with respect to precipitate formation (Ford 2006) . Calcium is an important component of a number of materials used as sorbents (e.g., blast furnace, steel slags, and fly ash). With materials containing large amounts of soluble Ca and a high pH, removal can occur directly through formation of Ca phosphate precipitates (Klimeski et al. 2012 ). X-ray diffraction and scanning electron microscopic data also provide evidence for the formation of surface precipitates of phosphate compounds of Ca, Zn, Al, and Mg on sorbents containing components of these metals (Bowden et al. 2009; Khadhraoui et al. 2002; Oguz 2005) .
Comparison of adsorption mechanisms between metal oxides and metal hydroxides
The reasons for metal (hydr)oxides to adsorb phosphate may account for the electrostatic (Tian et al. 2009; Ou et al. 2007 ), ion exchange (Ning et al. 2008) , and Lewis acid-base interactions (Blaney et al. 2007 ) between the functional groups on the adsorbents and the target anions in solution (Fig. 1) . Summarizing from the literature, a surface precipitation mechanism has been clearly observed for metal oxides. The phosphate adsorption process following the surface precipitation mechanism is demonstrated in alkaline solutions. The surface precipitation mechanism also promotes phosphate adsorption on metal hydroxides, although few studies have investigated the mechanism on metal hydroxides.
A quantitative analysis of the mechanisms involved in phosphorus adsorption revealed that it is desirable to precisely control the adsorption performances of sorbents. To date, no study has performed a quantitative analysis of these mechanisms. The comparison of the three mechanisms is roughly presented in Fig. 2 according to the literature.
It could be observed that adsorption mechanisms are highly pH-dependent. In general, when pH ≤ pHpzc, the discernible change of solution pH implied that ion exchange occurs between the surface hydroxide group and the phosphate. revealed that the pH values at the initial stage of the adsorption process increased. This indicated that phosphate sorption onto sorbent is primarily the result of an ion exchange between phos- However, as initial pH increased (pH > pHpzc), the values of solution pH decreased. This is because of deprotonation of the coordinated water molecules on metal active site (Wu et al. 2007) , which revealed that the ion exchange mechanism was insignificant under this pH range. This phenomenon implied that, in addition to the ion exchange mechanism, phosphate may in part be absorbed by coulombic attraction (Chitrakar et al. 2006b ). When the value of pH < pHpzc, the surface charge of the sorbent is positive, which interacts with the anionic phosphate by electrostatic forces. Moreover, at pH > pHpzc, the adsorption of phosphate by means of electrical force may not occur. Hence, it was likely that Lewis acid-base interaction mechanism governed. In 2007, Blaney et al. (2007) proposed the same mechanism for the adsorption phosphate onto hydrated ferric oxide.
Overall, the main mechanism involved in the adsorption process varies with the change in solution pH. As the pH increase, electrostatic forces change from electrostatic attraction to electrostatic repulsion; in addition, the ion exchange mechanism becomes increasingly weaker, whereas the Lewis acid-base interaction gradually dominates (Blaney et al. 2007; Liu et al. 2011 Liu et al. , 2013 .
Ion exchange seems to be more promising for phosphate recovery because it is generally a reversible process and has high efficiency with high selectivity for the anions. These results may explain why metal hydroxides have a better adsorption capacity than metal oxides, which could be due to the abundance of hydroxyl groups on the surface of metal hydroxides.
Sorbent regeneration
The regeneration of sorbents is the most difficult and expensive part of adsorption technology. It accounts for >70% of the total operating and maintenance costs for an adsorption system (Goh et al. 2008 ). Meanwhile, a successful regeneration process, which is either for reuse or for proper disposal, should restore the sorbent to close to its initial properties for effective reuse (Delaney et al. 2011; Wang et al. 2016) .
Regeneration methods
Acids, alkalis, and salts have been used as metal oxides or P desorbents (Table 7) . Simple low-cost salts have proven to be successful in desorbing phosphate only from sorbents with weak adsorption strength, in which the adsorption mechanism results from outer sphere complexation (Ning et al. 2008; Sowmya and Meenakshi 2014) . Simple salts are found to be ineffective in desorbing phosphate from sorbents that strongly adsorb phosphate by inner sphere complexation (Moharami et al. 2014; Zeng et al. 2004 ). Acids and bases have been used successfully for removing phosphates from metal oxides (Table 7) because phosphate adsorption decreases at lower and higher pH values. In the strongly acidic pH range, the decreased adsorption capacity of phosphate could be attributed to the formation of a weak hydro phosphorus salt. In the alkaline pH range, the sharp decrease in the adsorption capacity may be due to the competition of hydroxyl ions with the phosphates for adsorption on sorbents. Furthermore, the sorbents and phosphate species in the alkaline pH range are highly negatively charged, providing unfavourable conditions for adsorption. The results show that metal oxides have similar desorption efficiencies and regeneration times, which may be due to the wide optimal pH range ( Table 6 ).
As shown in Table 7 , it is obvious that only alkaline and acid solutions have been used to desorb phosphate from metal hydroxides. The results show that the efficiency of desorption in alkaline environments is better than that in acids. The reason for this may lie in the low phosphate adsorption capacity at pH values above 7 and the high phosphate adsorption capacity in the acidic pH range (Table 6 ).
Regeneration comparison of metal oxides and metal hydroxides
As demonstrated in Table 7 , metal oxides and metal hydroxides have similar desorption efficiencies and regenerate times in acid and alkali solutions. This may be due to the low phosphate adsorption capacities in acid and alkali solutions. However, salts have mostly been used as metal oxides or P desorbents.
Acids and bases have been successfully used for removing both outerspherecomplexation-andinnerspherecomplexation-sorbedphosphate. However, high concentrations of acids and bases are not suitable for certain metal oxides (oxides of Si, Fe, and Al) because they can dissolve or corrode parts of the sorbents or cause structural changes, leading to problems associated with the regeneration and reuse of the sorbents (Cheng et al. 2009; Chitrakar et al. 2006a; Delaney et al. 2011) . The chemical precipitation mechanism, which occurs with metal oxides, may hinder desorption of phosphate by alkalis; however, phosphate has been successfully desorbed from metal oxides with salts. However, Table 7 also , lanthanum(III) loaded granular ceramic ) Alkalis E, I 60%-93% desorption efficiency; regenerate 3-8 times Zr(IV) loaded okara (Nguyen et al. 2014) , Fe 3 O 4 nanoparticles (Tu et al. 2015) , NiFe 2 O 4 (Jia et al. 2013) , Calcium-sepiolite ) Salts E, I, C 4.98%-97% desorption efficiency; regenerate 7-10 times TiO 2 loaded zeolite (Alshameri et al. 2014) , bottom slag and sewage sludge (Ge et al. 2013) , palygorskites (Ye et al. 2006) , Cu-chelating resin (Jiang et al. 2013 ) Mixture of salts and alkalis E, I Regenerate 7 times La(III)-modified zeolite (Ning et al. 2008) , activated alumina (Urano et al. 1992 ) Metal hydroxides Acid E, I 6%-49% desorption efficiency at pH = 5
Hydrous zirconium oxide (Rodrigues et al. 2012) , hydrous niobium oxide (Rodrigues and da Silva 2010) Alkalis E, I 60%-90% desorption efficiency; regenerate 3-7 times
Fe-Mg-La composite (Yu and Chen 2015) , LaAl montmorillonite (Tian et al. 2009 ), zeolite (Li et al. 2009a) , goethite and akaganeite (Chitrakar et al. 2006a) , hydrous niobium oxide (Rodrigues and da Silva 2009) shows that phosphate can be desorbed using a combination of salts and bases (Ning et al. 2008) . Bases are used to reduce the adsorption capacity of metal oxides, and salts desorb the phosphates via an ion exchange process. Occasionally, special salts are used to regain the structure of the metal oxides that is lost during the desorption process (Urano et al. 1992) .
In general, because of the risk of high salinity, a high concentration of salts can lead to problems if the phosphate in the desorbed solution is to be recovered or used for fertilizing and irrigating crops (Johir et al. 2011) . Therefore, desorbents of metal hydroxides seem to be more environmentally friendly, and metal hydroxides may be more stable when applied for regeneration, regardless of whether the desorbents dissolve or destroy the sorbents. Moreover, as to phosphate recovery, metal (hydr)oxides are appropriate for subsequent direct use as nutrient-bearing soil amendments or P fertilizer (He et al. 1994; Notario et al. 1995) ; this applies in particular to metal hydroxides that have high P-capture capacities and rapid P adsorption mechanisms.
However, like adsorption experiments, batch desorption experiments are not convenient for application on an industrial scale, in which large volumes of wastewater are continuously generated. It is also imperative to analyze continuous desorption data, which can provide valuable information for improving the design and operation of phosphate desorption processes from adsorbents.
Future perspectives
To date, there are still many open questions and challenges requiring further detailed investigations within this field. The future trends in improving the performances of metal (hydr)oxides for phosphate adsorption may lie in the following aspects.
High-performance sorbents
Synthesis methods
It is still difficult to synthesize uniform metal (hydr)oxides with narrow size distributions and high stabilities on a large scale, which is important for phosphate adsorption.
For example, chemical and precipitation methods are the lowcost methods to synthesize metal (hydr)oxides on a large scale; however, these methods always result in serious aggregation. Post-grafting and metal cation incorporation processes can reinforce the chemical stability of the sorbents but usually increase the costs and produce excessive waste. Sol-gel and hydrothermal methods are often used to synthesize particles with uniform morphology, high purity, and narrow particle size distribution. However, both of these methods are usually intricate and time-consuming. Therefore, a combination of the existing methods may be a novel strategy for the synthesis of metal (hydr)oxides with the controlled size and demanded shape and high stability required for use in wastewater treatment. For example, the combinations of the post-grafting and metal cation incorporation process and the chemical precipitation-assisted hydrothermal method, the postgrafting and metal cation incorporation process-assisted sol-gel method, or the post-grafting and metal cation incorporation processhydrothermal method may overcome the drawbacks of each single method.
Low-cost sorbents
The cost factor should not be ignored. Lower production costs with higher removal efficiencies of the sorbents would make the phosphate adsorption process more economical and efficient.
Certain types of waste materials containing metal (hydr)oxides have been used to lower phosphate concentrations and could be possible alternatives as low-cost sorbents. However, most of them are strongly pH-dependent and have problems with the regeneration process. The conditions for the production of low-cost sorbents need to be optimized using surface modifications for higher uptake of pollutants. Although chemically modified low-cost sorbents may enhance P adsorption, the cost of the chemicals and technologies used must be considered to produce "low-cost" sorbents. Thus, the selection and identification of an appropriate low-cost sorbent is one of the keys to achieving the maximum adsorption of specific types of pollutants. Moreover, the releasing of toxic metals from the resultant waste into treated water should be continuously monitored.
To further improve the adsorption efficiencies and reduce the costs, it is necessary to develop novel phosphate-specific sorbents. In particular, rare earth elements have attracted special attention for their high phosphate adsorption capabilities, nontoxic properties, and environmental friendliness. However, the high price and scarcity of rare earth elements hinder their use in practical applications. Therefore, combining transition elements with rare earth elements and low-cost sorbents may achieve both goals: finding the ideal phosphate removal capacity and having low operating costs.
Sorbents regeneration
To enhance the economic feasibility of the process, regeneration studies need to be performed in detail with the pollutantladen sorbents to recover the adsorbate as well as the sorbent. Based on the literature, few regeneration frequency studies have been reported, which may be because of the low desorption efficiencies of the sorbents or the destruction of the sorbents after desorption. Thus, future research must explore highly efficient materials that are expected to be easily regenerated over several cycles of operations without significant loss of sorption capacity. The uses of ion exchange mechanisms for water treatment have demonstrated good selectivity for phosphate, high phosphate capture capacities and easy regeneration capabilities. Therefore, the anion exchange materials (e.g., anion exchange resins) may be involved in phosphorus adsorption and sorbent regeneration in the future study.
Desorbents
Reuse of the regenerating solutions would alleviate the problems of storage and discharge of the solution. In some studies, phosphate has been successfully desorbed by using NaCl or NaOH; however, high-strength NaCl solutions that are sent to wastewater treatment plants inhibit the necessary biological processes (Cañedo-Argüelles et al. 2013; Panswad and Anan 1999) and land applications of waste streams containing high concentrations of NaCl are detrimental to the soil makeup and plant growth (Bernstein 1975) . Because high Cl − concentrations can cause difficulty in the reuse of recovered P, OH − salts may play an important role in regeneration tests. Furthermore, potassium is an essential nutrient for higher plants. Therefore, K salts and OH − salts may be promising desorbents for the reuse of recovered P solutions. But appropriate concentrations of desorbents should be considered to avoid dissolution or the corrosion of parts of the sorbents in the future study.
Adsorption mechanism
The mechanism through which metal (hydr)oxides affect the phosphate adsorption process remains unclear, and no literature discusses the quantitative mechanism involved in the process, which is beneficial to preparation of sorbents and application in industry.
Kinetic studies, thermodynamics, and isotherm models are insufficient to explain the mechanisms that were involved. More research on the metal sorbents-phosphate interface and quantitative analysis of the contributions of functional groups to this mechanism should be performed. Although there are disparities between some X-ray adsorption fine structure and Fourier transform infrared spectroscopic studies, many spectroscopic, macroscopic, and modelling studies have indicated that complexes form on the sorbent surfaces. There is much work to be done on the study of the relationships between the functional groups of sorbents and adsorption performances, which would help in predicting the mechanism. The use of isotope tracing, temperature-programmed desorption, nuclear magnetic resonance, and models is recommended. Moreover, regeneration experiments need to be considered for this purpose.
Further investigations must be performed, and the results will help determine metal sorbents with improved functional groups and tissue regeneration abilities.
Application in actual wastewater
Most studies on phosphate removal by metal sorbents have been performed in batch experiments and only a few have been reported in fixed-bed column systems, which are more relevant to real operating systems in natural waters. Sieved natural oxides appear in mostly column experiments, which are fine particles. However, it was also observed that the columns packed with sieved natural oxides are occasionally clogged by fine particles. This observation suggests that granulation of particles should be considered when using them for column adsorption.
Meanwhile, the phosphate-containing industrial wastewater discharged into lakes, rivers, and other natural waters is one of the major sources of excessive phosphate in water bodies. Therefore, it is also necessary to remove phosphate from industrial wastewater. Phosphate-uptake from seawater by goethite Mucci 2001, 2003) , aluminium oxy-hydroxide (Tanada et al. 2003) , manganese oxide (Yao and Millero 1996) , and Zr(IV)-loaded resin RGP (Zhu and Jyo 2005) , have recently been presented in a few studies. There is a need to investigate the simultaneous removal of many co-existing pollutants (e.g., inorganic anions and organic anions).
Such works in column systems and actual wastewater could contribute to understanding the phosphate removal process using metal sorbents.
Conclusion
This comparative review summarized the preparation methods, adsorption behaviors, adsorption mechanisms, and the regeneration of metal (hydr)oxides (e.g., Fe, Zn, Al, etc.). The majority of these substrates have been tested in laboratory experiments; others have also been investigated in column experiments. The essential differences in experimental conditions that have prevailed in the experiments contribute to difficulties in normalization of the results obtained. But under similar experimental conditions, comparative evaluations were discussed.
Hydroxyl groups on the sorbent surface were reported to play important roles in the adsorption of phosphate. The effective synthesis methods of metal hydroxides give enough active sites for the phosphate adsorption. It was reported that metal hydroxides displayed their dominant superiority for the higher phosphate adsorption capacity than that of metal oxides. What is more, the synthesis methods of metal hydroxides are generally cost-benefit without calcination. The sol-gel and hydrothermal methods are possible ideal choices for the synthesis of nanoscale sorbents with good dispersancy.
From the economic perspective, the equilibrium time of phosphate adsorption onto metal hydroxides (0.02-20 h) was shorter than the 0.25-32 h of adsorption onto metal oxides. Desorbents (alkaline and acid solutions) of metal hydroxides are more environmentally and P-containing metal hydroxides exhibit better potential for P recovery. However, metal oxides, with a higher pHzpc, 3.2-11.0, have wider optimal adsorption pH ranges, 2-10, than metal hydroxides, because of their surface precipitation in alkaline solutions.
The competing ions have similar effects on phosphate adsorption onto metal (hydr)oxides. Nitrate and chloride do not interfere with phosphate adsorption, whereas sulfate and carbonate appear to be the most competitive anions with phosphate for adsorption. The common mechanisms of phosphate removal for both metal oxides and metal hydroxides are electrostatic forces, ion exchange, and Lewis acid-base interaction. For metal sorbents (e.g., Fe, Zn, Al, etc.), chemisorption (ion-exchange and electrostatic attraction) is the most prevalent mechanism. Besides Ca, Al, and Mg, which remove phosphate by precipitation at high pH, the removal was highest at pH > 7-8. Ion exchange seems to be more promising for phosphate recovery because it is generally a reversible process and has high efficiency with high selectivity for the anions.
Although metal (hydr)oxides are widely produced and used, there is still much work to be done. Further research must focus on uniform metal (hydr)oxides with small particle size, high stabilities, and low cost with high phosphate sorption capacities. Future research also needs to explore the sorbents that are easily regenerated over several cycles of operations without significant loss of sorption capacity. Appropriate concentrations of K salts and OH − salts may be promising desorbents for the reuse of recovered P solutions. At the same time, it is important to clearly analyse the metal sorbent-phosphate interface and the quantitative contributions of functional groups to the mechanism. Furthermore, these trials need to be extended to continuous-mode column trials, which are more applicable to real operating systems on actual wastewater.
